Introduction
Iridium is the only refractory f.c.c. metal. Its melting point is 2446ºC, and as one of the platinum group metals (pgms), it exhibits excellent mechanical properties and high resistance to corrosion at elevated temperatures (1, 2) . Some features of this metal, such as its poor workability (inclination to brittle fracture under mechanical treatment) and intrinsic fracture mode (brittle transcrystalline fracture) are unlike the deformation behaviour observed in other f.c.c. metals and remain puzzling for the materials science community (3) (4) (5) (6) (7) (8) . Discussion of the possible mechanisms of deformation and fracture in iridium was begun in Platinum Metals Review more than fifty years ago (9, 10) , and continues up to the present. Because refining iridium is a very complicated procedure, segregation of impurities at the grain boundaries is considered the most likely cause of the weak cohesive strength of grain boundaries and, hence, the poor workability of this metal (7, 8, 10, 11, 15) . Indeed, it has been shown that high purity iridium can be processed like platinum (16) . Polycrystalline iridium free of non-metallic impurities, and its ternary alloy with rhenium and ruthenium, demonstrate both transgranular cleavage and satisfactory plasticity. Traces (~ 10 ppm) of carbon and oxygen in the matrix induce the appearance of intergranular cleavage on the fracture surfaces and, as a result, workability is catastrophically diminished (7, 11) . The extraction of detrimental non-metallic impurities continues to be a significant problem for pgm refiners (7, 8, 15) .
Some physical parameters of iridium, such as its strong interatomic bonds and high elastic modulus, give a basis for supposing that brittleness may be an intrinsic property of this metal (5, 6, (20) (21) (22) (23) elastic modulus into cleavage criteria equations leads to the conclusion that iridium is expected to behave like a brittle substance (6, 20, 24) . On the other hand, according to empirical theories of plastic deformation, it should be deformed like other f.c.c. metals (13, 20, 25) . It is a paradox, but the highest yield stress and strength of iridium single crystals under tension (~ 100 MPa and ~ 500 MPa, respectively) become similar to those of other f.c.c. metals when these parameters have been normalised on the elastic modulus (20) . This may also be applied to the concept of 'dislocation mobility' in iridium, as understood by dislocation theory in the field of continuum mechanics, which describes the motion of single dislocations under external stress (normalised on the elastic modulus). This apparent contradiction with empirical knowledge of the deformation and fracture of f.c.c. metals merits further discussion among the materials science community.
Behaviour of Iridium Single Crystals
Experiments have shown that the intrinsic fracture mode of iridium single crystals is brittle transgranular cleavage. However, monocrystalline iridium is also a highly plastic material, as it fractures after considerable elongation (up to 80%) at room temperature and never fails under compression (19, 20, 26, 27) . Hence, the brittleness of iridium in the monocrystalline state is a unique kind of brittle fracture, since cleavage occurs after huge plasticity. Therefore, single crystal iridium may be classified as a plastic but cleavable solid (28) . Study of the geometry of deformation tracks on the back surfaces of deformed iridium single crystals has shown that octahedral slip is the sole deformation mechanism active at room temperature. In contrast to other f.c.c. metals, no necking is observed in iridium single crystal samples under tension, in spite of considerable elongation prior to failure. Analysis of the deformation track distribution leads to the conclusion that all plasticity of iridium single crystals is observed during the early stages of plastic deformation (29) .
Studies by transmission electron microscopy (TEM) have shown that rectilinear dislocation segments laid along the <110> crystallographic direction are the main element of the defect structure in iridium single crystals at room temperature (11, 26, 29) . These straight dislocations are grouped into network-like arrangements, where they are distributed almost equidistantly or homogeneously. The homogeneous distribution of dislocations takes place in thin foils of f.c.c. metals in the early stages of plastic deformation, when dislocation density is expected to be small (30) . However, the density of dislocations in iridium single crystals may be so high that the foil is no longer transparent to the electron beam. No small angle boundaries or other types of inhomogeneously distributed dislocations are observed in single crystal iridium deformed at room temperature. Therefore, it may be concluded that the deformation mechanism of iridium single crystals at room temperature is octahedral slip of the perfect dislocation with a <110> Burgers vector (28, 29) . This observation distinguishes iridium single crystals from f.c.c. metals with low and intermediate melting points.
The evolution of dislocation structure in iridium single crystals stops at the stage of homogeneous distribution of dislocations in the crystal, which is the first stage of plastic deformation in metallic single crystals (30) (31) (32) . It should be noted that motion of dislocations never occurs in thin foils of iridium during room temperature TEM experiments, including in situ tension in the column of the microscope. These features, together with the high yield stress of iridium single crystals, lead to the conclusion that <110> dislocations have low ability to move under external stress in the refractory f.c.c. metal at room temperature. As a result, the dominant dislocation arrangements in iridium single crystals cannot transform into small angle boundaries under external stress at room temperature. Such behaviour contrasts with f.c.c. metals having low and intermediate melting points, where this process can occur at room temperature. It may be considered as an additional argument for the statement that all plasticity of iridium single crystals is realised during the early stages of plastic deformation.
High Purity Polycrystalline Iridium
High purity polycrystalline iridium (purity > 99.9%, including < 0.1% metallic impurities and no non-metallic impurities) and iridium alloys also exhibit brittle transcrystalline fracture as an intrinsic fracture mode under tension, but the total elongation of samples having a circular cross-section is less than 10% at room temperature (17) (18) (19) . This does not mean that iridium wires possess poor plasticity, since advanced necking occurs in the samples even at room temperature, in spite of a considerable traverse rate of 1 mm min -1 . The homologous temperature, T Homologous , is defined as T exp (K)/T melt (K), where T exp = experimental temperature and T melt = melting point. For low and intermediate homologous temperatures (T Homologous ≤ 0.5), localisation of plasticity induces a visible decrease in the total elongation of wires from 10% down to 5% at T Homologous~ 0.5 when necking to a point takes place (17) . Total elongation begins to increase as soon as the flowing neck of a multineck effect appears at T Homologous > 0.5. This behaviour at similar traverse rates and homologous temperatures is observed only in gold wires and, hence, high purity polycrystalline iridium may also be considered to be a plastic but cleavable substance.
It is apparent that the deformation behaviour of polycrystalline iridium on the macroscopic scale has many features in common with iridium single crystals and also many differences. For example, advanced necking in polycrystalline iridium wire and the homogeneous distribution of plastic deformation in iridium single crystals under tension both point to the high plasticity of iridium. However, this is due to different effects depending on the microstructure of the material. Currently, no information on the defect structure of polycrystalline iridium is available in the literature. Therefore, the aim of this work is to carry out a TEM study of the dislocation structure of polycrystalline iridium and its evolution during different stages of plastic deformation up to severe deformation. The findings will serve as a basis for further discussion of plastic deformation in polycrystalline iridium at room temperature.
Preparation of Samples
Samples for the research were prepared from high purity polycrystalline iridium, free of nonmetallic impurities (7) . An electron-beam melted monocrystalline ingot was used for the manufacture of iridium sheets (33) . Therefore, the samples contain neither small grain boundaries nor grain boundaries in the initial state. TEM study of iridium single crystals agrees with this conclusion (29) . The treatment procedure for work pieces includes forging of the ingot at 1500ºC to 2000ºC and rolling of the sheet at ≤ 800ºC. After that, iridium and its alloys can be deformed like platinum (7) .
Recrystallisation annealing of the sheet (for iridium, the recrystallisation temperature is 1000ºC) is not carried out, since it induces a catastrophic drop in workability of iridium due to intergranular brittleness. During processing, grains can be formed under forging only, whereas conditions for the appearance of small angle boundaries exist during both stages of treatment. During the first stage, the iridium matrix should not be contaminated by non-metallic impurities (carbon and oxygen), because iridium oxides are volatile substances at these temperatures. The environment is kept carbon free for this procedure (7). However, iridium does not interact with oxygen at temperatures < 1000ºC and carbon lubricant is not used in the rolling mill facility. Hence, segregation of harmful contaminants at the grain boundaries is also avoided during the second stage. The fracture mode of the metal, which has been shown to be a brittle transgranular fracture, may be considered as the proof of this supposition.
Discs with a diameter of 3 mm were stamped from the polycrystalline iridium sheet (thickness of 0.3 mm; grain size ~ 0.1 mm), which was not recrystallised after processing. Samples were deformed under a 'shift under pressure' regime in a Bridgman anvil at room temperature (Figure 1 ). This procedure allows the highest degrees of plastic deformation to be reached without failure, even for brittle materials (34) . The technique of iridium thin foil preparation has been described in References (29, 35) . The TEM study was carried out on a conventional 200 kV microscope (JEM-200CX from JEOL).
Deformation and Defect Structure of Iridium
Under compression, high purity iridium behaves like a f.c.c. metal: it never fails under load and exhibits the usual stress-strain curves expected of a f.c.c. metal (20, 27, 36) . Therefore, it may be expected that the deformation behaviour of iridium would also be the same as that of other f.c.c. metals, under deformation with reduced tensile (cleaving) stresses. A shift under pressure procedure in a Bridgman anvil allows even brittle and almost unworkable materials to be deformed, due to the suppression of cleaving stresses. In metals, this technique allows severe deformations to be reached, which cannot be obtained under uniaxial (tension or compression) load (34) .
Four points were chosen for examination of the microstructure in polycrystalline iridium at different deformation degrees (initial state, 0.5 turn, 1.5 turns and 3 turns), which cover the whole range of structural states from undeformed to severe deformation. The metallographic image of an iridium disc after 1.5 turns is shown in Figure 2 . No cracks on the edges or other significant deformation defects are observed on its surface, despite considerable deformation of the material. Radial cracks and separation of the material close to the edges appear after 3 turns (Figure 3) . However, even such severe deformation does not lead to failure of the central part of the disc, where the level of cleaving tensile stresses is minimal. Another demonstration of the high plasticity of polycrystalline iridium is the fact that the thin section for TEM observations, which was obtained by electropolishing in the central part of the disc after 0.5 turn, has disappeared or been healed during the next deformation (additional turn). It should be noted that polycrystalline copper and nickel exhibit similar behaviour under the same deformation conditions (37) .
TEM study of defect structure has shown that small angle boundaries and dislocation pile-ups, consisting of curvilinear dislocation segments, are the main dislocation arrangements in polycrystalline thin foils in the undeformed state (Figure 4 be proposed that the rectilinear dislocation segments become unstable under thermomechanical treatment of the single crystalline work piece at elevated temperatures, and the initial dislocation structure of iridium single crystals begins to transform into a cellular structure. The same defect structure is observed in polycrystalline f.c.c. metals with low and intermediate melting points at small deformations, and in their single crystals at the third stage of plastic deformation (elongation > 10%) (30, (38) (39) (40) . Deformation after 0.5 turn does not induce the appearance of new features in the dislocation structure of polycrystalline iridium. Small angle boundaries and pile-ups of curvilinear dislocation segments are the dominant attributes of the defect structure, while the dislocation density in the material naturally increases ( Figure  5 ). The microdiffraction image confirms that local deformation of the material is advanced. However, in contrast to the single crystalline state, rectilinear dislocation segments do not appear in the material under external stress.
A threshold is reached after 1.5 turns, as no cracking or separation of the sample takes place at this stage of deformation, whereas the next stage of plastic deformation leads to the cracking of the disc. The microstructure of the central part of the disc looks the same as after 0.5 turn: its main morphological features are small angle boundaries and pile-ups of curvilinear dislocations close to them, and its microdiffraction pattern points to a severely deformed polycrystalline state ( Figure 6 ). This new kind of defect structure is observed in the vicinity of the disc edge, where deformation of the material is considerably higher than in the centre of the disc. Fine grains, which can reach a few dozen nanometres in diameter, are revealed in the material (Figure 7) . Analysis of diffraction patterns confirms the supposition that the nanocrystalline state begins to form in polycrystalline iridium at this stage of plastic deformation. The microstructure of iridium in the middle part of the disc after the last deformation step (3 turns) is shown in Figure 8 . This is a fine grain structure, where some grains are approximately 50 nm to 100 nm in diameter, and its microdiffraction pattern is typical of the nanocrystalline state of f.c.c. metallic materials. It should be noted that this Rev., 2009, 53, (3) 142 0.5 mm nanocrystalline structure is stable in refractory iridium, whereas recovery processes make the same structural state in f.c.c. metals with low and intermediate melting points unstable at room temperature (41) . Taking into account the differences between their melting points, it may be supposed that the low ability of <110> dislocations to move under external stress in iridium is the main reason for the stability of the nanocrystalline state in iridium at low homologous temperatures.
Platinum Metals

Behaviour of High Purity Iridium
The experiment described above has confirmed that polycrystalline iridium, free of non-metallic impurities such as carbon and oxygen, can behave at room temperature like a f.c.c. metal. The 'shift under pressure' test in the Bridgman anvil was chosen simply as another deformation scheme (the first being uniaxial compression), where the level of cleaving stresses is minimal. Qualitative analysis of the defect structure of polycrystalline iridium at the different stages of plastic deformation, including examination of its main morphological features and the character of its evolution, does not reveal any difference compared to f.c.c. metals having low and intermediate melting points. Indeed, small angle boundaries and pile-ups of curvilinear dislocation segments are common attributes of the dislocation structure for all f.c.c. metals (30) (31) (32) . The forming of a fine grain (nanocrystalline) structure under severe deformation also agrees with the supposition that iridium can behave like a f.c.c. metal at room temperature. Therefore, taking into account that octahedral slip of <110> dislocations is the sole deformation mechanism in iridium single crystals at room temperature (28, 29) , this mechanism of plasticity may also be considered the dominant one for the polycrystalline metal under the same experimental conditions. In other words, the presence of grain boundaries in the iridium matrix does not provoke additional deformation mechanisms in polycrystalline iridium. This conclusion correlates with the fact that the intrinsic fracture mode of iridium free of non-metallic impurities in both the monocrystalline and polycrystalline states is brittle transgranular cleavage, which does not depend on the presence of grain boundaries in the matrix (19) .
In contrast to other f.c.c. metals, perhaps excluding rhodium, which may be considered an analogue of iridium having a melting point of 1963ºC (1), the nanocrystalline state in iridium at room temperature is stable. This means that the recovery process has been suppressed at room temperature. This may be explained by the low ability of <110> dislocations to move under external stress, as structural obstacles to dislocation motion, such as second phases or dislocation barriers (sessile dislocations, dislocation 'forests' etc.), should be absent in highly plastic f.c.c. metals (30) (31) (32) . This decrease in the ability of dislocations to move in f.c.c. metals is only seen at low temperatures. Room temperature (~ 300 K) on the homologous temperature scale for refractory iridium is estimated at about 0.12. For rhodium, nickel, copper and aluminium, this homologous temperature is reached at around 240 K, 150 K, 120 K and 70 K, respectively. Hence, the experiments described in this paper (including thin foil preparation and TEM study) must be carried out at very low temperatures for the majority of f.c.c. metals, 0.5 μm which naturally causes great technical problems. Therefore, the existence of a stable nanocrystalline structure at this homologous temperature cannot be considered as a unique property of iridium, at least until this experiment can be carried out for a f.c.c. metal having a low or intermediate melting point. On the microscopic scale (atom level), the low ability of <110> dislocations to move under external stress in iridium may be explained by the fact that it has the strongest interatomic bonds among f.c.c. metals, since it is the sole refractory metal with an f.c.c. lattice. Transition from homogeneously distributed rectilinear dislocations to small angle boundaries is stopped, which leads to the absence of necking in iridium single crystals under room temperature tension. This may also be considered as a consequence of the low ability of <110> dislocations to move under external stress.
Conclusions
According to the well-known empirical scheme of evolution of defect structure in f.c.c. metals, homogeneous distribution of single dislocations leads to homogeneous distribution of plastic deformation in the sample, while the transition from homogeneous distribution to the appearance of small angle boundaries or localised distribution of dislocations correlates with the start of the necking process or the localisation of plasticity in the neck region (31, 32) . Indeed, necking always occurs after the stage of homogeneous accumulation of plastic deformation in both single crystal and polycrystalline f.c.c. metals with low and intermediate melting points across a wide temperature range. However, the deformation behaviour of refractory iridium at room temperature depends on the microstructure of samples (single crystal or polycrystalline). In single crystals, necking does not occur: straight <110> dislocations are homogeneously distributed in the material and small angle boundaries are absent. In polycrystalline iridium (iridium wire), necking is the dominant stage of plastic deformation: small angle boundaries and pile-ups of curvilinear dislocations are the main features of the defect structure, while no rectilinear dislocation segments are observed. It should be noted that in both cases, iridium continues to be a highly plastic substance, but this manifests in different ways. This important difference between the deformation behaviour of refractory iridium and other f.c.c. metals needs further experimental study and discussion. 
